Abstract: Landslide triggered by earthquake or rainstorm often results in serious property damage and human casualties. It is, therefore, necessary to establish an emergency management system to facilitate the processes of damage assessment and decision-making. This paper has presented an integrated approach for mapping and analyzing spatial features of a landslide from remote sensing images and Digital Elevation Models (DEMs). Several image interpretation tools have been provided for analyzing the spatial distribution and characteristics of the landslide on different dimensions: (1D) terrain variation analysis along the mass movement direction and (3D) morphological analysis. In addition, the results of image interpretation can be further discussed and adjusted on an online cooperating platform, which was built to improve the coordination of all players involved in different phases of emergency management, e.g., hazard experts, emergency managers, and first response organizations. A mobile-based application has also been developed to enhance the data exchange and on-site investigation. Our pilot study of Guanling landslide shows that the presented approach has the potential to facilitate the phases of landslide monitoring and information management, e.g., hazard assessment, emergency preparedness, planning mitigation, and response.
Introduction
Landslides can cause significant property loss and human casualties. China has been frequently affected from such natural hazards, especially in Southwest China [1, 2] . How to monitor and quickly respond to unexpected geological disasters has a strong practical significance. During a sudden landslide event, it is important for decision-makers, experts, and other official managers to access the information about the topography of the mass flow, the flow volume, the potential affected area, and so on.
Remote sensing as a promising technology has a wide range of applications in landslide studies [3] [4] [5] . The landslide-related studies can be concluded in three stages: (a) detection and identification; (b) monitoring; and (c) spatial analysis and hazard prediction [4, 6, 7] . The use of remote sensing data (airborne, satellite, or ground-based) varies according to the three main stages above. For monitoring landslide movements, the quantitative volumetric analysis was often adopted by using a
Methodical Basis and System Design
To accelerate the hazard assessment and landslide information management, an emergency response system is designed. Figure 1 shows the framework and components of the system. The system is built on different types of network infrastructures ( Figure 1 ). Initial data can be collected by satellites or other facilities (e.g., Personal Digital Assistant (PDA) and Unmanned Aerial Vehicles (UAVs)). Processed results are exchanged and shared through a Local Area Network (LAN) or the Internet. A geological hazard monitoring database is designed by using ADO.NET technology, Oracle 11 g database and ArcSDE, which are used for storage and access management of spatial data, such as aerial and satellite images, geo-referenced thematic data, and real-time monitoring results. A decision-making system is used to employ emergency hazard analysis and provides decision support for multi-users based on analysis result. Image analysis and processing model is developed in ArcGIS Server 10.2. Changes on surface elevation of a landslide is usually used for analyzing the movement and the volume of the material involved [24, 25] . It can be simply calculated by subtracting the DEM of pre-landslide along the longitudinal profile from the DEM of post-landslide. If the differences of a certain section along the profile are negative, the area around the section possibly belongs to the zone of depletion (negative terrain); if positive, it possibly belongs to the zone of accumulation (positive terrain). A landslide motion mechanism can be further investigated by analyzing the length, slope, and curvature of every section of the profile. Based on the morphological analysis, various zones and the volume of the landslide are determined, and the preliminary affecting range is estimated for hazard evaluation. Existing landslide monitoring and management system mostly has the functions of data collection, disaster information production and distribution [14, 26] . Real-time data collection and processing is the key to emergency management. Besides the general methods for data collection in hazard event (e.g., remote sensing and UAVs), we have developed a smartphone application that is used by people engaged in the hazard event for real-time ground data collection (photos, short video, etc.). Additionally, we have supplied an online cooperating emergency platform to achieve a realtime information exchange and communications among all decision-makers and experts in distinct locations for interactive cooperation. It supplies the functions of video conference and collaborative feature editing, which make the landslide analysis and hazard evaluation easier among different departments and multi-users. All users can access the database and decision-making system through a web browser on a computer with Microsoft Windows or a smartphone using an Android application developed with JDK (Java Development Kit) 1.7 ( Figure 2 ). With the support of this online cooperating platform, we can distribute the landslide information in a short interval once the data is collected or processed. In this case, we have not only integrated different data sources (satellite/UAV images, DEMs, on-site photos, etc.), but also different applications (desktop, web-based, mobile app) for data collecting, processing, and sharing information, which can potentially enhance the process of hazard analysis and risk information management. Existing landslide monitoring and management system mostly has the functions of data collection, disaster information production and distribution [14, 26] . Real-time data collection and processing is the key to emergency management. Besides the general methods for data collection in hazard event (e.g., remote sensing and UAVs), we have developed a smartphone application that is used by people engaged in the hazard event for real-time ground data collection (photos, short video, etc.). Additionally, we have supplied an online cooperating emergency platform to achieve a real-time information exchange and communications among all decision-makers and experts in distinct locations for interactive cooperation. It supplies the functions of video conference and collaborative feature editing, which make the landslide analysis and hazard evaluation easier among different departments and multi-users. All users can access the database and decision-making system through a web browser on a computer with Microsoft Windows or a smartphone using an Android application developed with JDK (Java Development Kit) 1.7 ( Figure 2 ). With the support of this online cooperating platform, we can distribute the landslide information in a short interval once the data is collected or processed. In this case, we have not only integrated different data sources (satellite/UAV images, DEMs, on-site photos, etc.), but also different applications (desktop, web-based, mobile app) for data collecting, processing, and sharing information, which can potentially enhance the process of hazard analysis and risk information management. Existing landslide monitoring and management system mostly has the functions of data collection, disaster information production and distribution [14, 26] . Real-time data collection and processing is the key to emergency management. Besides the general methods for data collection in hazard event (e.g., remote sensing and UAVs), we have developed a smartphone application that is used by people engaged in the hazard event for real-time ground data collection (photos, short video, etc.). Additionally, we have supplied an online cooperating emergency platform to achieve a realtime information exchange and communications among all decision-makers and experts in distinct locations for interactive cooperation. It supplies the functions of video conference and collaborative feature editing, which make the landslide analysis and hazard evaluation easier among different departments and multi-users. All users can access the database and decision-making system through a web browser on a computer with Microsoft Windows or a smartphone using an Android application developed with JDK (Java Development Kit) 1.7 ( Figure 2 ). With the support of this online cooperating platform, we can distribute the landslide information in a short interval once the data is collected or processed. In this case, we have not only integrated different data sources (satellite/UAV images, DEMs, on-site photos, etc.), but also different applications (desktop, web-based, mobile app) for data collecting, processing, and sharing information, which can potentially enhance the process of hazard analysis and risk information management. 
Case Study

Study Area
On 28 June 2010, a catastrophic landslide occurred in Guanling County, Guizhou Province of China (Figure 3 ). During this event, the local rainfall in 24 h reached 310 mm, the highest in the last 60 years. The climate and extreme weather became the trigger of this hazard, which caused severe human casualties and property losses. This landslide was used as a pilot study to show the application of the landslide information and monitoring system. 
Case Study
Study Area
Data Sources
The data used in the emergency hazard information system can be classified into two categories: pre-landslide and post-landslide. The images in this region before landslide were collected from QuickBird satellite in February 2010 and preprocessed (e.g., geometric correction and projection transformation) in the format ready for further interpretation. The Digital Elevation Model (DEM) before landslide was produced from the topographical map in 2009, which was collected from the local bureau of surveying and mapping. In addition, Triangular Irregular Network (TIN) was generated based on the DEM.
On 30 June, a quad-rotor UAV flight campaign was carried out covering the whole sliding area of the Guanling landslide (as shown in Figure 4 ). More than 200 optical photos and POS (position and orientation system) data were collected from three flights. POS data contains the aerial photo number, space position X, Y, H coordinates, small aircraft attitude rolling, pitching, flip, and other information. To serve the geological disaster analysis, two processing procedures were carried out: an ortho-mosiac was generated, and a DEM model was established using point cloud data. First, each image was rectified onto the center point coordinates recorded in POS data, photo size, and ground control points and flip angle. Then, all rectified photographs were merged to a uniform ortho-mosaic with a spatial resolution of 0.1 m. All correction was carried out by using PhotoScan software, which is an advanced image-based 3D modeling solution [27, 28] . DEM was also created by using PhotoScan software, which can extract the point cloud data from the coordinate information of POS data, and reconstruct the digital elevation model. The DEM after landslide was produced in a 2 m resolution and it was converted to vector format (TIN) for further analysis. A detailed description of each input layer is shown in Table 1 . 
Image Interpretation
We supplied different spatial analysis tools for image interpretation. The DEM variation along the mass movement direction could be used for representing the sliding process. A one-dimensional tool for a cross-sectional profile graph was used to quantitatively evaluate the intensity of the rapid surface displacement. Figure 5 shows displacement vectors measured along the cracks by using this one-dimensional tool. The positive and negative terrain changes caused by the landslide can be observed from the intersection of two elevation curves. It indicated that the most likely sliding mechanism is stepped-like planar failure during the Guanling landslide. Potentially, the length of the landslide was estimated roughly 1700 m, and the curves in Figure 5 can be divided into three sections:
•
The section from Point A to Point B belonged to the negative terrain. Its elevation ranged from 1085 m to 1199 m, and the elevation difference was 114 m. The length of the AB section was about 200 m in the crack direction. Before the landslide, the degree of the slope in this section ranged from 26 to 37 degrees, while the slope changed to a range between 39 and 53 degrees after the landslide.
The section from Point B to Point C belonged to the positive terrain. Its elevation ranged from 755 m to 1085 m, and the elevation difference was 330 m. The length of the BC section was about 1150 m in the crack direction. Before the landslide, the degree of the slope in this section ranged 
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The section from Point B to Point C belonged to the positive terrain. Its elevation ranged from 755 m to 1085 m, and the elevation difference was 330 m. The length of the BC section was about 1150 m in the crack direction. Before the landslide, the degree of the slope in this section ranged from 9 to 16 degrees, while the slope changed to a range between 0 and 15 degrees after the landslide.
The section from Point C to Point D belonged to the negative terrain. Its elevation ranged from 735 m to 755 m. The length of the CD section in the crack direction was about 350 m. After the landslide, this section changed to a nearly flat area. from 9 to 16 degrees, while the slope changed to a range between 0 and 15 degrees after the landslide.
The section from Point C to Point D belonged to the negative terrain. Its elevation ranged from 735 m to 755 m. The length of the CD section in the crack direction was about 350 m. After the landslide, this section changed to a nearly flat area. To further confirm the configuration of the landslide body, a fine interpretation tool for the landslide in the three-dimensional environment was developed. This tool was implemented in a multi-window linked environment. A high-precision 3D grid was created based on the DEM and overlaid with the aerial photos. Images of pre-and post-landslide can be simultaneously compared that would be helpful in the process of delineating the instability zones. As shown in Figure 6 , the landslide body can be divided as the main scarp, the zone of depletion, and the zone of accumulation by visual interpretation. The main scarp, which showed a very steep terrain, belonged to the negative terrain, and its elevation decreased averagely 25 m. The zone of depletion belonged to the positive terrain, and the average slope changed from 12.5 to 7.5 degrees after the landslide. Within the zone of accumulation, the terrain became generally flat and the elevation increased averagely 10 m. Based on the different zones of the sliding surface, the volume of potential instability was calculated in a GIS environment by subtracting from the TINs created from the constructed surface. In this case, the total surface area of the landslide was estimated 5.25 × 10 5 m 2 and the total volume of the slide body was 4.25 × 10 6 m 3 . To further confirm the configuration of the landslide body, a fine interpretation tool for the landslide in the three-dimensional environment was developed. This tool was implemented in a multi-window linked environment. A high-precision 3D grid was created based on the DEM and overlaid with the aerial photos. Images of pre-and post-landslide can be simultaneously compared that would be helpful in the process of delineating the instability zones. As shown in Figure 6 , the landslide body can be divided as the main scarp, the zone of depletion, and the zone of accumulation by visual interpretation. The main scarp, which showed a very steep terrain, belonged to the negative terrain, and its elevation decreased averagely 25 m. The zone of depletion belonged to the positive terrain, and the average slope changed from 12.5 to 7.5 degrees after the landslide. Within the zone of accumulation, the terrain became generally flat and the elevation increased averagely 10 m. Based on the different zones of the sliding surface, the volume of potential instability was calculated in a GIS environment by subtracting from the TINs created from the constructed surface. In this case, the total surface area of the landslide was estimated 5.25 × 10 5 m 2 and the total volume of the slide body was 4.25 × 10 6 m 3 .
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The section from Point C to Point D belonged to the negative terrain. Its elevation ranged from 735 m to 755 m. The length of the CD section in the crack direction was about 350 m. After the landslide, this section changed to a nearly flat area. To further confirm the configuration of the landslide body, a fine interpretation tool for the landslide in the three-dimensional environment was developed. This tool was implemented in a multi-window linked environment. A high-precision 3D grid was created based on the DEM and overlaid with the aerial photos. Images of pre-and post-landslide can be simultaneously compared that would be helpful in the process of delineating the instability zones. As shown in Figure 6 , the landslide body can be divided as the main scarp, the zone of depletion, and the zone of accumulation by visual interpretation. The main scarp, which showed a very steep terrain, belonged to the negative terrain, and its elevation decreased averagely 25 m. The zone of depletion belonged to the positive terrain, and the average slope changed from 12.5 to 7.5 degrees after the landslide. Within the zone of accumulation, the terrain became generally flat and the elevation increased averagely 10 m. Based on the different zones of the sliding surface, the volume of potential instability was calculated in a GIS environment by subtracting from the TINs created from the constructed surface. In this case, the total surface area of the landslide was estimated 5.25 × 10 5 m 2 and the total volume of the slide body was 4.25 × 10 6 m 3 . The area affected or damaged by landslides is important information for planning mitigation and emergency respond. The affected area map can be created by overlaying the extent of the landslide with different thematic layers, e.g., traffic road and settlements. An example of the affected settlement by this landslide was shown in Figure 7 . Over 75% of the affected area was farmland, covering an area of about 80 hectares. There were two villages located in this region where 16 houses in Dazhai Village and 17 houses in Yongwo Village were buried by the mass debris in Guanling Landslide.
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Implementation of Emergency Management Platform
The results of image interpretation and related data can be processed and shared through an online cooperating emergency platform. It provides a video conference system and additional editing tools based on web-GIS functions used for hazard analysis (see Figure 8) . A further image interpretation and hazard assessment can be achieved through online discussion of the experts. It had basic tools for drawing and editing on the hazard map. In addition, a mobile application was developed for on-site data collection and verification. On-site photos and videos can be collected and sent back to the data center through the application. The developed online platform can be used to improve the coordination of all players involved (e.g., hazard experts, emergency managers, and first response organizations) in all phases of emergency management. 
Discussion
Data Requirement
Photogrammetry has the potential to determine surface information, whereas it has no access to depth information that has to be obtained from geophysical approaches [4] . The accuracy of hazard assessment relies on the quality of remote sensing imagery and DEMs. For instance, the accuracy of the volumetric computations depends on the temporal and spatial resolution of DEMs. The postlandslide data can be collected by UAV within a short interval after the event. It is often the case that the DEM before the landslide is not in a reliable condition. In our case study, the DEM before landslide was produced from the topographical map at the scale of 1:50,000. In order to do a joint analysis with the post-landslide DEM derived from LIDAR, the resolution of pre-landslide DEM has been resampled in 2 m. This would result in miscalculations in hazard analysis and the accuracy of boundaries will be potentially misleading. In order to reduce the plane error between the DEMs before and after landslide, a two-dimensional maximum correlation matching method was used by calculating the volume of landslide body based on the principle of material balance by summing up the morphological changes of the landslide [29] . Generally, the resolution and quality of the input data determines the accuracy of the produced hazard maps [30] . The applicability of the supplied tools for hazard analysis is related to the level and scale of landslide mapping [31, 32] . Due to the limitation of input data, it could be helpful for hazard analysis by combining both the DEM and high resolution aerial photos in a three-dimensional environment. However, onsite investigation would be still necessary to detect debris boundaries, especially for site specific decisions based on hazard maps.
Hazard Assessment
Under the support of RS/GIS technology, the hazard assessment was implemented by the guidance of experts' experience by using the supplied tools. This semi-automated image analysis approach was relatively efficient and it resulted in two maps, i.e., landslide hazard map and affected area map. The hazard map showed the landslide location and the detailed body information of the landslide. The GIS modeling approach have been widely adopted and proved to be useful in hazard assessment [5, 13, 17, 33] . It is timesaving and cost-efficient, which fits to the aim of our designed emergency management. The visualized and quantitative results of GIS modeling could give a preliminary understanding of the landslide in this event. To verify and validate the results of hazard analysis other thematic layers would be useful as assistant data, such as land cover and slope. The final version of this map was produced in consultation with all involved experts and on-site investigation.
The affected area map provided information on the areal extent of the possible damaged settlement or transportation. Such a map could be used in the process of damage mitigation and the 
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Hazard Assessment
The affected area map provided information on the areal extent of the possible damaged settlement or transportation. Such a map could be used in the process of damage mitigation and the land-use planning of reconstruction. In our case study, this map was prepared using the high resolution aerial photo. However, damage intensity to buildings and infrastructures can be varied according to the speed of mass flow. In this case, the on-site photos can be helpful for estimating the damage loss. The advantages of both qualitative and quantitative methods could be adopted in the hazard assessment based on the site-specific experience of experts [34] .
Online Cooperating Platform
The web-based platform facilitated landslide management and emergency operation based on output products from the hazard assessment modules. This developed platform was especially useful for emergency management professionals and first response organizations after the landslide event. Experts and other official managers can access the system through the internet with a computer or mobile phone. It extends desktop GIS capabilities to an internet environment and thus encourages the development of handy applications that are accessible, dynamic, and interactive [22, 35] . In this study, the web-based platform was applied for further hazard investigation, emergency preparedness, planning mitigation, and response by improving the coordination of actions among all players involved in landslide response. In a next step, more spatial analysis tools based on web-GIS functions should be added to strengthen its ability for online mapping.
Conclusions
Understanding and modeling of landslides requires access to spatially referenced data from a wide variety of sources, including remote sensing at different resolutions and reliability, often multi-temporal, as well as the analyses of such data in a multi-dimensional space [4, 28, 29] . Thus, the proposed landslide information and monitoring system combines the remote sensing and GIS spatial analysis techniques within an online cooperating platform. Additionally, the web-based platform supplies editing tools by which the degree of hazard can be further mapped directly online by authorized users. Such an integrated approach has the potential to enhance the process of data collection, hazard analysis, and risk information management. Our case study has shown that the system architecture is suitable for hazard-related emergency management. In addition, it might be useful for the implementation of technical landslide countermeasures as well as the development of mitigation measures.
